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ABSTRACT We have performed computer simulations and free energy calculations to determine the thermodynamics and
kinetics of actin nucleation and thus identify a probable nucleation pathway and critical nucleus size. The binding free
energies of structures along the nucleation pathway are found through a combination of electrostatic calculations and
estimates of the entropic and surface area contributions. The association kinetics for the formation of each structure are
determined through a series of Brownian dynamics simulations. The combination of the binding free energies and the
association rate constants determines the dissociation rate constants, allowing for a complete characterization of the
nucleation and polymerization kinetics. The results indicate that the trimer is the size of the critical nucleus, and the rate
constants produce polymerization plots that agree very well with experimental results over a range of actin monomer
concentrations.

INTRODUCTION

Actin filaments are key components of the cytoskeleton andition: what is the size of the critical nucleus, what are the
play many important roles in both muscle and nonmusclesteps taken in forming the critical nucleus, and what are the
cells. The filaments are two-stranded helical polymersrate constants for each of the nucleation steps?

formed from actin monomers assembled in a polar fashion. The study of protein—protein interactions through com-
Because of this polarity, the two ends of the filament, calledputational means has been well established in recent years.
the barbed and pointed ends, have different properties, botrownian dynamics (BD) simulations have been shown to
in terms of structure and dynamics. Actin filament polymer-be very effective at both reproducing and predicting protein
ization has been extensively studied for many years and thassociation rates (Nambi et al., 1991; Northrup et al., 1993;
factors controlling the kinetics have been well characterizedozack et al., 1995; Gabdoulline and Wade, 1997; Elcock et
(Pollard, 1986, 1990; Carlier, 1991). Actin polymerization al., 1999, 2001; Sept et al., 1999). Similarly, the calculation
follows a nucleation—elongation scheme characterized bgf binding free energies allows one to estimate the contri-
unfavorable nucleation followed by more favorable elonga-butions from many different sources, such as electrostatics,
tion after a stable nucleus is formed. Despite the amount ofonfigurational entropy, hydrophobic interactions and des-
time and effort that has been devoted to studying the polyelvation (e.g., Sharp et al., 1991; Horton and Lewis, 1992;
merization phase, the process of spontaneous nucleation 8monson and Bmger, 1994; Brady et al., 1997; Gilson et
still not well understood. Due to the size of the system andal., 1997; Hummer et al., 1998; plus many more). These two
time scales involved, it is not possible in experiments totypes of calculations are complementary because we know
view the intermediates formed in the nucleation process, buhat the thermodynamics and kinetics are related through the
measurements made during the polymerization phase caelation
only be extrapolated to make estimates about the nucleation
phase (Wegner and Engel, 1975; Tobacman and Korn,

1982; Cooper et al., 1983; Frieden and Goddette 1983;
Frieden, 1983; Buzan and Frieden, 1996). All of these ) o _ _ o
previous studies used kinetic modeling to fit polymerizationWhereAGy is the binding free energy, is the dissociation
curves, but we now have more advanced simulation tech€quilibrium constant, and, /k_ are the association/disso-
niques that offer us the unique opportunity to look at proteinC'at'O” rate constants for a two-state binding reaction. This
interactions at the level of the proteins involved. Using astudy will involve three separate steps. First is the identifi-
combination of different computational methods, we hopecation of all protein complexes that could be formed during

to answer several outstanding questions about actin nucléicleation. It is important to note that we will make no
assumptions about the size of the critical nucleus, but will

investigate all possible nucleation pathways. Next, we will
perform two independent sets of calculations: Brownian

_ _ , _ ~ ~~"“'dynamics simulations to get the association rate constants
Addre_ss reprlnt_requ_ests to David Sept, Dept. of Blomedlcal Englneerlngand free energy calculations to estimate the binding free
Washington University, Campus Box 1097, St. Louis, MO 63130-4899.

Tel.: 314-935-8837: Fax: 314-935-7448: E-mail: dsept@biomed.wustl€N€rgy. Last, by combining these results with Eq. 1, we will
edu. be able to find dissociation rate constants for each of the
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AG, = RTINKg=RTIn -, (1)
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FIGURE 2 Depiction of the possible pathways we considered in our
model. The paths within the dotted line are the reactions that were included
in the nucleation—elongation scheme. The bold arrows indicate what we
found to be the preferred nucleation pathway, accounting for 99.7% of the
polymer that is formed.

FIGURE 1 A spacefilling model of the actin filament of Holmes et al. . I )
(1990) showing how the different monomers correspond to our cartoorY@/idated when we saw tr;e short lifetime of the dimer states. We us_er(]j a
models. The two strands of the filament are colored blue and red with thé'nonomer—tetramer complex to represent a monomer interacting with a

individual monomers in different shades. Note that there are two distinc!ong(':'r fllament_(l.e., polymerlzatlon). The result; obtained in the mono-
ner—tetramer simulations were matched to experimental values and used to

dimers that can be formed: the cross filament dimer on the right (one re .
monomer and one blue monomer) and the longitudinal dimer on the le cale all the results for the smaller structures. As we had done previously
(either blue—blue or red—red) (Sept et al., 1999), we used the actin filament structure produced by

' Holmes et al. (1990), because this allowed us to easily define the contacts

between adjacent monomers.

imental data and the polymerization curves predicted usin%é dina f lculati
these rate constants, we should be able to elucidate deta nding ree energy calculations

about the nucleation process. The binding free energy of forming a protein—protein complex has many
different components resulting from electrostatic and van der Waals inter-

actions, changes in internal, external and solvent entropy, hydrophobic

METHODS interactions, etc. Although most of these interactions can be treated theo-
. retically, the accuracy of these calculations was not sufficient for our needs
Actin structures because relatively small changesA@, will result in large changes iKg.

. ) ) . Because we were always dealing with the binding of a monomer to
To perform our calculathns, we flrs_t neede_d to define a_II of the prOteIndifferent—sized polymers, many of the free energy contributions were the
?tructléreds that we :Nerg |nteredsted in. Ohur Interest was 'z th”e complexbegame in each case we examined (conformational changes, translational/
dqrme uring nucdeatlon, an iqas sulcd l’)er condstrlucte h‘? rearl]sona %tational entropy), whereas others depended on the amount of surface area
) Imers, tnr_ner_s, and tetramers that could be qrme along this pat_ WaY, 8Rat is buried in forming each complex (hydration, solvent and side-chain
illustrated in Figs. 1 and 2. Because of the helical structure of the f'lamementropy etc.). We made the assumption that the binding free energy for
each monomer is in contact W!th four other neighboring monomers. ThISeach step of the nucleation and polymerization process could be given by
means that there are two unique dimers that can be formed: a Crossn o equation
filament dimer (between red and blue monomers in Fig. 1), and a longi-
tudinal dimer (corresponds to red-red or blue—blue dimers in Fig. 1). AG, = AGgec + YAA + G, (2)
Although some of the complexes in Fig. 2 appear to be identical, it should
be again noted that we are dealing with a polar structure and the two endshere we have assumed that all of the contributions to the binding free
of the polymer have different properties. We were working under theenergy can be grouped into three term&,,..is the electrostatic interac
assumption that nucleation occurs only through the addition of monomersion energy,yAA represents the contributions proportional to the change in
(no dimer—dimer or higher-order interactions). This assumption was latesurface area, an@, is the sum of the energy contributions that are constant
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TABLE 1 Results for all possible structures along the nucleation pathway showing the binding free energies, the association
rate constants from the Brownian dynamics simulations and the resulting dissociation rate constants

Reaction AA (A?) AGgiec AG, k_ (s k. (uM~ts™Y Kq

(a) 1621 3.54 6.34 5.1% 10*° 1.23 4.2 X 10" M
(b) 2045 2.74 0.91 1.6% 10° 35.7 4.6 M
() 2045 2.65 0.82 4.5% 107 235 1.9 M
(d) 2045 2.93 1.10 7.3% 107 18.5 40M
(e) 3389 6.58 —-9.84 0.80 11.8 0.068M
(® 2948 7.27 —4.42 1.30% 1C° 2.18 0.60 mM
() 1621 3.64 6.44 5.69 10t 0.99 57 X 10°M
(h) 1621 3.68 6.48 6.08 10™* 0.77 79X 10°M
0) 2045 2.85 1.02 3.0 1¢° 54.3 55M
0} 2045 2.87 1.04 1.2& 10° 22.4 57M
K 3381 7.00 -9.42 1.51 11.1 0.1uM
() 2045 2.67 0.84 9.3% 107 22.9 41M
(m) 3381 6.93 -9.49 1.41 11.6 0.12M

All the energies are in kcal/mol, and the binding energi€ were found from Eq. 2 usin@, = 20.5 kcal/mol andy = 10.9 cal/mol/&. The values in
italics in (m) were used to scale, and AG,, for the other structures. The letters correspond to the reactions depicted in Fig. 2.

for each step. In each case, we calculated the electrostatic interactionhereR is the position of the proteirD is the diffusion constant (trans-
energies using the University of Houston Brownian Dynamics programlational or rotational) At is time stepk is Boltzmann’s constant, arlis
(Madura et al., 1995) to solve the Poisson—Boltzmann equation for both theéhe temperature. The relative position of the proteins is affected by two
protein complex and the structures that came together to form the compleyparametersF, interaction forces between the proteins, & stochastic

By subtracting the energies of the individual proteins from that of theterm that captures the Brownian motion caused by solvent interactions. The
complex, we found the interaction energy that was due to electrostati@lectrostatic calculations for each protein complex were done using the
interactions. We used the full nonlinear form of the Poisson—BoItzmannsame electrostatic parameters as in the free energy calculations, and the
equation and assumed an ionic strength of 50 mM and a solvent dielectrigame binding criteria were used for all simulations (three independent
of 78.4. The protein dielectric was chosen to be 12 on the basis 9f pK contacts formed at 10-A separation). We needed to perform simulations for
calculations (e.g., Antosiewicz et al., 1996; Garborena E. etal., 1997) e association of two monomers (four possible binding sites), the binding
and should help compensate for the fact that we do not allow for proteiryt 4 gimer and a monomer (two different dimers each with multiple binding
flexibility. Using a 1.4-A-radius probe, we calculated the solvent-accessvsites)’ and, finally, a trimer with a monomer (again three possible config-
ble surface again for bqth the complex and its parts t_o determinet_he S“rfa‘iﬁations). Apart from different binding contacts, the parameters of each
areaAA that was buried in each case. The buried surface is treate%imulation were the same except for the rotational and translational diffu-

uniformly, and we ignore and details such as the curvature of the sun‘acgion constants. These will obviously vary with the size and shape of the

or the hydrophobic or other natures of the residues that make up the . ) ;
interface molecule and were set for each case of a monomer, dimer, or trimer using

Although Eq. 2 still contained two unknowns,and Go, we had the formulae developed for the diffusion of ellipsoids (Bereolos et al., 1993).

additional constraint that the monomer—tetramer interactions (reaution The diffusion constants are given in Table 2. For each possible association

Fig. 2 and Table 1) matched experimental results. For Mg-ATP actin at arqeactlon, we performed about 100,000 trajectorlgs where the protel_ns were
tarted at a separation bf= 120 A, and each trajectory was halted if the

ionic strength of 50 mM, the rate constants for association and dissociatiofi o - R isfi h ) )
are 11.6uM s 'and 1.4 5%, respectively (Pollard, 1986), which tells us binding criteria were satisfied or the proteins escaped beyond a separation

that AG, = —9.49 kcal/mol. Taking the values for reactiamin Table 1 g = 500 A. From the fraction of trajectories that satisfied the binding
and inserting them in Eq. 2, we see that our scaling relation has the fornfirg't;'a' we calculated the association rate constaras (Northrup et al.,

—9.49 kcal/mol= 6.93 kcal/mol+ vy = 3381 & + G,
ko(b)B
k, = , 5
®) “T 1= (1- Blko(b)/ko(a) ®)
Because we have one equation with two unknowns, we still have the
freedom to choose one of our parametegrsr G,. We will selectG, as our

degree of _freedo_m, but our method of choosing a specific value for thiSTABLE 5 Translational and rotational diffusion constants for
variable will be discussed later. the structures used to form the protein complexes listed in

Table 1

Brownian dynamics simulations Structure D (A%ps) Dy, (rac’/ps)

The Brownian dynamic (BD) simulations were performed using the pro-Monomer 0.0103 1.2x 10:2

gram SDA (Gabdoulline and Wade, 1997, 1998), as done in previous actiPimer @) 0.00798 5.91< 10 -

polymerization simulations (Sept et al., 1999). The basis of BD simulations2imer () 0.00805 4.6 1076

is the solution of the equation (Ermak and McCammon, 1978), Trimer (c) or (f) 0.00707 3.54X 10
Tetramer i) 0.00638 241X 10°°

R(t + At) - R(t) + DiAt F+S (4) These values were calculated using the formulae for ellipsoids (Bereolos et
kT al., 1993).
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wherekg(b) is the rate at which molecules arrive at a separatioand 3 v T v
is the fraction of trajectories that form a successful protein complex.
Because the interaction potential was negligible beyond 120 A, the rates
ko(X) could simply be replaced by the Smoluchowski rateb% (Smolu-
chowski, 1916). Once we had the relative association rates for each
possible nucleation step, we scaled them all by the same factor such that the
rate for the monomer—tetramer simulation (i.e., polymerization) matched
the elongation rate of 11.6M ! s~* measured in experiments.
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Nucleation-elongation equations

Fraction Polymerized

Using the association and dissociation rates for the complete nucleation 0.2
process, we can solve a set of nucleation—elongation equations to get the

time course of polymerization. For a given choiceGy we will get rate

constants for every pathway depicted in Fig. 2, however, because many of 0
the complexes are extremely unfavorable, including all these possibilities
needlessly complicates the set of equations we need to solve. From the

rates shown in Table 1, we determined that it was only reasonable to

include the structures within the dotted line in Fig. 2. This means we have-IGURE 3 Polymerization plots showing the effect of different values of
monomers, two possible dimers, one trimer and one tetramer, and our s&;, (in kcal/mol) on the kinetics of nucleation and the time course of
of equations looks like: polymerization. The correspondingvalues (in cal/mol/&) were calcu-
lated from Eq. 3. All curves were calculated for an G-actin concentration
of 5 uM.

500 1000 1500 2000
Time (s)

o

a b
A+ A=A, A+A<—A}

A+ A, AN A; A+ A% <i> A; For each nucleation and polymerization stAf...and
(6) AA were found using University of Houston Brownian
v dynamics program (Madura et al., 1995). For a given choice
A+ A;<— A, of Gy, the corresponding value of is determined by our
scaling relation (Eg. 3), and by inserting the values for
m m AGg o AA, Gy, andwy in Eq. 2, we can determin&G, for
AAL+A—F A+F<F each reaction in Fig. 2. The dissociation rate constants were
then found by inserting the values fAG,, andk, into Eq.
1. Figure 3 shows the effect of different values@fon the

whereA represents actin monome#s, andA% are the two _ _ -
predicted time course of polymerization for the same G-

possible dimersfA; andA, represent trimers and tetramers, M~ ’
andF represent all filaments longer than 4 monomers. TheCtin concentration. To produce these plots, the rate con-
letters for the various reactions correspond to the reaction&i@Nts resulting from each choice Gf, were inserted into

in Fig. 2 and Table 1. So we do not need to track the!"® KINetic scheme given in Eq. 6. A smaller value@y
distribution of filaments represented Bywe have assumed '€SUlts in more nucleation and faster polymerization due to
the back reaction rate to be zero for the last “nucleation® higher concentration of filament ends, while larger values
reaction. This assumption will not affect the time course Ofinhibits the nucleation process. A true test of our model is to

polymerization and greatly simplifies solving the resulting ©MPare the predictions of these simulations with experi-
set of differential equations. mental results. Figure 4 shows both the experimental and

simulated polymerization curves for five different G-actin
concentrations between 3 and &®. Through a trial and
error procedure, we found a value Gf = 20.5 kcal/mol
RESULTS resulted in the best fit of the polymerization data, and this
Table 1 summarizes all of the simulation data and calculateghoice ofG, resulted in a value foy of 10.9 cal/mol/&. It
binding energies for each structure along the nucleatioshould be noted thaG, was the only free parameter to
pathway. The structures for each complex were derivegimultaneously fit all six curves.

from the actin filament structure of Holmes et al. (1990)

(see Flg: 1). The association rates from the BD SImwathﬂ%lSCUSSlON

were uniformly scaled so that the rate for the monomer—

tetramer system (reactiam) was equal to the experimen- The only measure that we have to validate the predictions of
tally measured rate of 11.4M~* s™*. The unscaled rate our model is to compare our simulated polymerization re-
constant for reactiomn was 37.8uM ' s™* and thus the sults with corresponding experimental findings, as shown in
scaling factor was about 0.307. Fig. 4. Even though we have only one free parameter to fit
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FIGURE 4 Plots o_f the_predicted time course of polymerization USiNgFIGURE 5 The simulated time course of polymerization fqxM actin

the rate constants given in Table 1. The actin concentrations in each plfyoing the relative concentrations of the two dimers formed by reactions

are pottomto top) 3, 4, 5, 6, 8, and 1QM. The experimental data is 5 angh, and the total trimer concentration formed by reactieasdf. The

courtesy of Dr. Harry Higgs (Salk Institute). amount of trimer resulting from tha—e pathway only accounts for about
0.3% of the total trimer concentration.

all of the polymerization curves, our results match very wellhave included both pathways in our nucleation—elongation
over the complete range of actin concentrations. scheme, the dominant pathway B<(f)-(k)—(m)—, as indi-
cated by the bold arrows in Fig. 2, and a kinetic scheme
using only these reactions is indistinguishable from the
results we present here.
Our assumption that nucleation proceeds via monomer ad- It may not be immediately obvious, but there are signif-
dition appears to be valid based on the rate constants that vieant differences that arise depending on the dimer that is
find. Due to the large dissociation rate constant and lowformed. If we imagine that the preferred dimer would be the
concentration of dimers, the chance of these structures coneross-filament dimerd), the next step in forming the trimer
ing together to form a tetramer is extremely unlikely. Not (€) is nearly identical to subsequent polymerization sté&ps (
surprisingly, the most critical step in the nucleation processind (n). There are two reasons for this. First, the surface
is the formation of the dimer. For completeness, we invesarea buried in each of the ste, (K), and (n) is identical
tigated all possible trimers that could be formed by mono-n that the only difference between these steps are additional
mer addition to the two dimers (see Fig. 2). The onlymonomers at the end opposite of where the binding is
probable trimer that resulted was through reactieasdf, occurring. Second, the only difference in the electrostatic
and, although we present the results for the other possibli@teractions in each step is again the interaction between the
pathways ¢, d, g, h, andi), they will be ignored in the new monomer and the monomers opposite the binding end.
subsequent discussion. From Table 1, we see that the values X, are very
The key point in the predicted nucleation pathway is thatsimilar for these three steps. Hence, the kinetics resulting
the longitudinal dimerlf) is more favorably formed than the from this pathway would have only one unfavorable step in
cross-filament dimerd). Although the difference iAG,...  the nucleation process, and growth beyond the dimagr (
is relatively small between the two dimers, the amount ofwould basically follow polymerization kinetics, implying
buried surface area differs significantly. Because of thethat the dimerg) would be the critical nucleus. Despite the
additional 400 A& buried by the longitudinal dimeibf, its ~ many attempts in the past by us and other researchers, it is
binding energy becomes about 5 kcal/mol more favorableot possible to fit polymerization data using a kinetic model
than that of dimer &), making it the dominant pathway. with the dimer as the critical nucleus (data not shown). The
Figure 5 shows the time course of polymerization and themain problem appears to be that, with only one nucleation
concentrations of the two dimers and the trimer. We see thattep, the variation in the rate of nucleation with concentra-
the concentration of the cross-filament dimej {s about tion is not enough to give an ample spread in the polymer-
four orders of magnitude less than the longitudinal dimerization plots.
(b), and even though stem@)(is thermodynamically more The nucleation pathway predicted through our modeling
favorable than stefd)( the @)—(e) pathway only contributes is fundamentally different because the dimiy i€ formed
about 0.3% of the trimers that are formed. Although webetween monomers within the same protofilament, and the

Nucleation pathway and the critical nucleus

Biophysical Journal 81(2) 667-674
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formation of the trimer fj is also different from further consistent with theoretical estimates (Erickson, 1989; Brady
polymerization steps. This results in two nucleation stepsand Sharp, 1997; Tamura and Privalov, 1997) and experi-
the formation of the dimerd] (unfavorable with &, = 4.6  mental measurements made for actin polymerization (Kino-
M) and the trimer (still less favorable than polymerization, sian et al., 1991).

with a Ky = 0.6 mM). Beyond the trimer, however, the

association and dissociation rate constants are essentially

equal to the polymerization values, indicating that, in thisEffect of the nucleotide and divalent cation

case, the trimer is the critical nucleus. The polymerizatio
plots that result from these kinetic rates agree very well wit
the experimental curves for a choice@f = 20.5 kcal/mol
(Fig. 4). Because we have one more nucleation step in thi

pathway, the overall nucleation rate has a stronger depeﬁ-

dence on the monomer concentration and the resulting pIO%Imost_certalnly arise from changes in the conformation or
have a wider separation for the same concentrations. ynamics that affect the interaction between the monomers

The rate constants and equilibrium constants that w I\/:olr?r::fz erVnV]SI:? ne'f[hallt'vaggg)r; but \;ve haver;/i?i/ I,I{trfle rstruBc-
arrived at are in fairly good agreement with previous esti- uhan ino tha (l)) n?;l ne ::a tigse rosutgapno ] SV neolil.riny
mates from basic kinetic modeling (Wegner and EngelC anging the bou ucieotide or cation, or even atering

1975 Tobacman and Korn. 1982: Erieden and Goddett’gnvironmental conditions of such pH or ionic strength, we
! ’ ' would arrive at different rate constants for the nucleation

1983; Frieden, 1983; Buzan and Frieden, 1996). All of these o
nd polymerization steps. However, based on the structural

studies had different nucleation schemes, and, in som% ments presented earlier. it ms unlikelv that the n
cases, it had to be assumed that the rate constants for ea%lwu G’T S presented eartier, it seems u_ ely . a Gf\ u
eus size could ever be larger than a trimer. It is feasible,

of the nucleation steps were identical, but still the generaﬁ i :

conclusion was that the critical nucleus size was a trimef > c e ;E.rllat Ca“Od'? and nbugleonde cr]:angesblco]yld Iegd 0
(summarized in Cooper et al., 1983). Frieden (1983) usegﬁ crosslal_ame(?t lmeralh €ing rlnor? avorat; y ormde '
different rate constants for the nucleation steps and found. Is could introduce anot_ ernuc eation pat_\_/vay and pos-
equilibrium constants of 0.8 M and@M for the formation Sibly decreas_e the eﬁectl_ve size of the_ critical nucleus.
of the dimer and trimer, respectively. Based on experimenBeCQm.eXpe”mem.S showing a dgcrease in the lag pha_se of
tal differences in pH, ionic strength, and the type of aCtinnucleot|de-free actin polymerization are but one possible

used (yeast versus muscle), the deviation between the rﬁe Tonfrtraf[lorn ﬂ;;hﬁnegeﬁtimne Lg C(eruz et al., 2000), but
values and ours is understandable. ore structural information 1S heeded.

hnThere are differences in both the nucleation and polymer-
Ization properties of actin depending on the nucleotide
ATP, ADP, or no nucleotide) or metal ion (€aor Mg?*)

at is bound (e.g., Estes et al., 1992). These differences

Interpretation of G, and vy values Implications for nucleation within the cell

Our assumption in the equation for our binding free energyThe nucleation of actin filaments in vivo is of utmost
in Eg. 2, was that all of the components in the bindingimportance because this is the only method the cell has of
energy could be grouped into the three terh@s,,., YAA,  controlling when and where actin filaments are formed.
andG,,. This is a great simplification in terms of the detail Spontaneous nucleation may not play a large role in the cell,
of the interactions that we are able to capture, but the resultsut actin polymerization is often triggered by some other
appear to support this model. We know th&,,..captures nucleating factor. Recently, significant interest has been
the electrostatic interactions and the effect of desolvationdirected toward the study of the Arp 2/3 complex and its
but it is also possible to at least partially assign the otheability to initiate filament assembly. It is most tempting to
terms to specific contributions. The tedA is intended to  think that the complex of Arp 2 and Arp 3 would mimic an
account for many different factors, but the main contribu-actin dimer, thereby removing the most unfavorable nucle-
tions are most likely the result of a combination of hydro- ation step, and, by simply binding one actin monomer, a
phobic interactions and the removal of bound waters fronstable nucleus could be formed. Studies using purified Arp
the binding region. The value of 10.9 cal/mot/for yis  2/3 complex (Mullins et al., 1998) do not support this
consistent with previous estimates that have found a widaotion, but, when combined with other proteins from the
range of values for these two interactions (e.g., Sharp et alWWASp/Scar family, Arp 2/3 complex significantly increases
1991; Horton and Lewis, 1992; Giesen et al., 1994; Simonthe amount of nucleation (Higgs and Pollard, 2000; Higgs et
son and Brager, 1994; Fukunishi and Suzuki, 1996; Her-al., 1999; Machesky et al., 1999; Rohatgi et al., 1999;
mann, 1996; Hummer et al., 1998). The primary contribu-Winter et al., 1999; Yarar et al., 1999). Another study
tions to G, will be the loss of translational and rotational involving Arp 2/3 complex and ActA does appear to remove
entropy of the monomer that is binding. Estimates of thethe lag phase of polymerization (Welch et al., 1998), but the
translational and rotational entropy of a protein are quitestructural details of this mechanism again are not known. If
variant, but the value of 20.5 kcal/mol f@, is certainly  Arp 2/3 complex does not mimic an actin dimer but instead
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simply stabilizes the nucleus as it is formed (by reducing therhe authors would like to thank Drs. Thomas Pollard and Adrian Elcock
k_ for one or both of the nucleation steps), this would for a critical reading of the manuscript and Dr. Harry Higgs (Salk Institute)
explain its ability to promote polymerization without the " Providing experimental data.

complete removal of the lag phase. This is an area thakhis work was supported by grants to J.A.M. from the National Institutes
obviously requires much further investigation of Health, the National Science Foundation and the W. M. Keck Founda-

tion.
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